The arrangement of B atoms in a doped Si(111)-( √ 3 × √ 3)R30
I. INTRODUCTION
Studies of the B/Si(111) system started intensively in the late eighties 1, 2 . After a period of a declined interest, the research has again intensified stimulated by attempts to prepare a passivated Si surface in connection with the development of molecular electronics. Full introduction of molecules into the technology is still in its initial stages, related to a production of hybrid circuits composed of parts produced with Si-based and organic technologies. One of the challenges in this field is tailoring the interaction between deposited molecules and a substrate that is needed for wiring in a device. Employment of the B/Si(111) system is very promising as it can be prepared with different technologies (segregation or epitaxy) and with different properties: either as a spacer or as a passivated surface layer in the form of δ-doping.
The latter one offers a surface with active isolated Si atoms that can be considered as centres for molecule capturing. This view is supported, e.g., by a recent theoretical work concentrating on the interaction of various metalphthalocyanine (MPc) molecules with the δ-doped
• :B surface: for some molecules this interaction has van der Waals character that enables diffusion of the molecules on the surface so that self-organized structures can be formed 3 .
The location of B atoms at the Si(111) surface was carefully examined in the past. Low-energy electron diffraction (LEED) and similar methods showed the com-
• surface where boron atoms might be located in the T or L Despite the results obtained so far, the question where the B atoms are located cannot be regarded as settled. The possibility of switching between these states has been found at low temperatures (T < 70 K). Note that the concept of two concurrent dynamically switchable geometries has been extensively employed in modelling the Si(100)-2 × 1 reconstructed surface [19] [20] [21] .
To learn more about the positions of B atoms at Si(111) it is desirable to employ a local method which, unlike the STM, probes a part of the sample large enough to be considered as truly representative. The x-ray absorption spectroscopy satisfies these needs: it is chemically specific, meaning that one can be sure that it is the nearest neighborhood of a B atom which is considered, and at the same time the area inspected is macroscopic (typically 0.1 mm× 0.5 mm). As concerns the theoretical approach, a potentially weak point of all previous studies is that they employed pseudopotentials. Such calculations are computationally efficient but a verification of the results by an all-electron method is always desirable.
In this study we present experimental near-edge x-ray absorption fine structure (NEXAFS) spectra measured at 
• as seen on Fig. 1(a) . 
B. Structural models
The system is modeled by a supercell of slabs. Each slab consists of seven layers of Si atoms, with an additional incomplete layer of topmost Si atoms. Hydrogen atoms were added to saturate the dangling bonds at the other side of the slab. The thickness of the slab is about 23Å. In the supercell the slabs are separated by about 14Å of vacuum. Concerning the horizontal geometry, the slabs were constructed so that they correspond to
• reconstruction which the B/Si (111) system undergoes (see the diagram in Figure 1(b) ).
The structural models we explored were chosen by considering several positions of B atoms based on the abinitio structural study of Andrade et al. The structure relaxation was performed so that first the structure of bulk Si crystal was optimized to obtain the optimized bulk Si-Si distance (2.397Å). This interatomic distance was then set as fixed for atoms in the two lowermost layers of our slab. The positions of the other atoms were optimized by allowing the atoms to move in the direction of the force untill the equilibrium has been attained.
C. Calculations
The spectra were calculated by the ab-initio allelectron full potential linear augmented plane wave (FLAPW) method, as implemented in the wien2k code 23 . The calculations were performed using the Perdew, Burke and Ernzerhof generalized gradient approximation (PBE-GGA) exchange-correlation functional 24 . Additionally, we employed also the meta- for H atoms. The wave-functions inside the spheres were expanded in spherical harmonics up to the maximum angular momentum ℓ max =10. The k-space integration was performed via a modified tetrahedron integration scheme.
The internal geometry of the system is optimized using we always display just their average. We distinguish in the following only between spectra with polarization vector in-plane (normal incidence) or out-of-plane (grazing incidence). There is a small difference between what is considered as grazing incidence in experiment and theory.
In the experiments the grazing incidence means that the incoming radiation arrives at the sample not truly parallel to the surface but at an angle of 10 • ; the polarization vector is thus tilted by 10
• from the normal. In the calculations we take the polarization vector exactly parallel to the surface normal. We do not expect any significant differences between spectra for the "true" and "approximative" grazing incidence setups. It is difficult to guess a priori which way of dealing with the core hole is the most suitable for a particular situation, therefore, we performed exploratory calculations for several core hole schemes: we calculated the NEXAFS (i) using a ground state potential (no core hole), (ii) using a potential obtained via the final state rule as described above and (iii) using a potential obtained via a final state rule with half of a core hole, which is equivalent to relying on Slater's transition state approximation. Following the outcome for one particular geometry (see appendix A), we decided to use the final state rule approximation with a full core hole throughout this study. 
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(middle), and by Baumgärtel et al. 6 (bottom).
III. RESULTS

A. Comparing total energies
Total energies obtained for B atoms in positions depicted in Fig. 2 1 model is by far superior to other structural models, both for the sample 900 and the sample 1100. However, one should also consider that the experimental spectra exhibit significant differences between the samples 900 and 1100. To get a more complete picture, we performed best-fitting of the experimental spectra assuming that the B atoms can be located in various positions simultaneously (see Figure 2 ). We employed a fitting procedure which uses several criteria for assessing the similarity between the curves, as implemented in the MsSpec package 31, 32 . The mutual alignment of the spectra originated from different sites was performed considering the calculated shifts of the energies of the B 1s levels as shown in Tab. II. These shifts were calculated using the final state rule. Six upper panels show calculated spectra for B atom in different positions denoted in the legend and depicted in Figure 2 .
Two bottom panels show experimental spectra for the sample 900 and the sample 1100. We checked that considering such geometry (with the atop Si higher above the B atom than what is shown in figure 3 ) has no significant effect on the calculated spectra.
IV. DISCUSSION
The main goal of the present work was to find the positions of B atoms at the Si(111) surface depending on the sample preparation techniques. By comparing experimental NEXAFS B K-edge spectra to spectra calculated for various model structures we found that the B atoms Our NEXAFS-based method is complementary to LEED and STM studies. This is because with STM studies one can cover always only a small part of the sample so it is conceivable that in other parts of the sample the sit- uation may be different than in the part that is studied.
X-ray absorption spectroscopy and LEED probe much larger parts of samples so one gets an averaged information concerning the whole system. At the same time, unlike LEED, the x-ray absorption spectroscopy provides a local information because of its chemical specifity. Therefore we perform all our calculations using this model. At the same time, we are aware that our treatment of the core hole is not perfect and one can expect that including the core hole in a more elaborate way (beyond the static model) would probably lead to better
